To clearly clarify how it affects the detailed tip clearance flow and flow mechanism by varying the upstream boundary layer thickness and tip clearance size, numerical studies were performed on a subsonic rotor, which is used for low-speed model testing of one rear stage embedded in a modern high-pressure compressor. Firstly, available experimental data were adopted to validate the numerical method. Second, comparisons were made for tip leakage vortex structure, the interface of leakage flow/mainflow, endwall loss, isentropic efficiency and pressure-rise between different operating conditions. Then, effects of different clearance sizes and inlet boundary layer thicknesses were investigated. At last, the self-induced unsteadiness at one near-stall operating condition was studied for different cases. Results show that increasing the tip clearance size has a deleterious effect on rotor efficiency and pressure-rise performance over the whole operating range, while thickening the inflow boundary layer is almost the same except that its pressure-rise performance will be increased at mass flow rate larger than design operating condition. Self-induced unsteadiness occurs at near-stall operating conditions, and its appearance depends largely on tip clearance size, while upstream boundary layer thickness has little effect. 
NOMENCLATURE

INTRODUCTION
As one of the most important components in an aero-engine, the compressor directly determines its aerodynamic performance and stability margin. In addition, upstream conditions of the compressor have a great impact on its working condition and performance. Due to this, it is urgent and essential to carry out detailed and in-depth studies on the effect of inlet boundary condition to compressor performance and its internal flow mechanism. A certain clearance exists between casing and blade tip in axial compressors. Studies of Holger Brandt et al. [1] show that, thickening the inflow boundary layer will cause the roll-up point of the leakage vortex to move upstream and towards the leading edge, while the vortex trajectory is more inclined in the blade passage and the vortex length decreases. This leads to higher total pressure losses in the endwall region.
Flow in the tip clearance is very complex and it has a profound effect on compressor performance. The studies on the endwall flow evolving into the passage are not only an important but also a difficult issue in the past few years. Complex endwall flow consists of tip leakage flow, secondary flow, interaction of leakage flow and endwall boundary layer. Also interaction occurs between leakage flow and mainflow. In addition, shock wave establish in transonic flows, which will induce interactions of shock wave and other flows [2, 3] . In order to improve compressor performance and expand stability range, many passive and active control methods were proposed by researchers, such as casing treatment [4, 5] , tip micro-injection [6, 7] , endwall blade profiling [8, 9] , and positive effects were gained. The stable operating range of axial compressors, especially "tip-critical compressors" [10] [11] [12] , is influenced tremendously by tip clearance size. A number of investigations [13] [14] [15] show that increasing tip clearance size will raise stall mass flow rate, in other words, the stable operating range is reduced. At present, it remains essential and important to conduct comprehensive investigations of flow mechanisms in endwall regions. Simultaneously, studies should focus on the effects and detailed flow mechanism of inlet boundary conditions and tip clearance size for the studied compressor.
In this paper, a validated CFD method was employed to carry out detailed steady/unsteady computations on a low-speed large scale axial rotor. The studied rotor is embedded in a multi-stage axial compressor, which is used for low-speed model testing research. The effects of upstream condition and tip clearance size to endwall flow structure/mechanisms were revealed through careful flowfield analysis, which can provide with a certain conception accumulation and data reserve to the design of high-performance axial compressors.
LOW-SPEED RESEARCH ROTOR
The research rotor, in a four-stage large-scale axial compressor, is used for the low-speed model testing. The design methodology is in accordance with a previous paper [16] , and the four successive steps are: setup of the high-speed prototype, the determination of global parameters, through-flow design and blading design. The design parameters of the rotor are listed in Table 1 . Because the experiments were carried out at rotational speed of 700 RPM, the speed was set to 700 RPM throughout the context in order to make comparisons with the experimental results. 
NUMERICAL METHODOLOGY
Numerical Scheme
Numerical simulations were performed by flow solver EURANUS, which was developed by NUMECA INTERNATIONAL. The conservative Reynolds-averaged Navier-Stokes equations were solved without ad hoc modeling of any flow phenomena other than models required for turbulence.
The equations were discretized in space with a cell-centered finite volume formulation, and viscous fluxes were determined in a central differencing manner with Gauss's theorem. In order to capture the tip leakage vortex accurately near the casing, a second-order upwind scheme based on a flux difference splitting formulation [17] with the Van Albada limiter was chosen to evaluate the inviscid fluxes.
For steady simulations, the equations were solved by an explicit four-stage Runge-Kutta method with local time step to obtain steady-state solutions. For unsteady simulations, equations were solved using the implicit dual time stepping method, in which pseudo-time derivative terms were added to the time-dependent equations. Total physical time was set to three rotational revolutions, and it took a rotor blade 20 time steps to pass through one pitch. Within each physical time step, 20 pseudo time iterations were performed. One equation turbulence model of Spalart-Allmaras [18] was employed to estimate the eddy viscosity. Local time stepping, implicit residual smoothing and multi-grid techniques were used to accelerate the convergence of the computations, in addition, the CFL number of 3 was performed.
Gridding
The configuration of a single-passage was chosen as the computational zone. HOH/butterfly topologies were performed to model the mainflow region/true tip gap respectively. The whole region was separated into five blocks, and detailed grid points were listed in Table 2 . In this table, I, J and K denotes azimuthal, spanwise and axial directions, respectively. The previous studies [14] revealed that 17 grid points in tip clearance was able to well model the flowfield for tip gap region. The node distributions were shown in Fig. 1 . The minimum grid spacing on the solid walls was 4×10 -6 m, which ensures the minimum grid spacing gave y + <2 at the walls. 
Boundary conditions
No-slip and no-heat transfer conditions were imposed at solid boundaries. Periodic boundary condition was imposed along azimuthal direction. At inlet plane, atmospheric temperature was imposed; in addition, the spanwise distributions of measured total pressure and flow angle were imposed for validation. At the outlet plane, mid-span static pressure was imposed, and the radial equilibrium equation was employed to calculate hub-to-shroud profile of the static pressure. By increasing static pressure of outlet plane, the performance of the rotor was obtained, and the last stable operating point was considered as the steady near-stall point for the rotor. Switching to unsteady mode and further increasing back pressure, then the stall point was acquired.
RESULTS AND DISCUSSIONS
Validation of computation results
Steady four-hole probe was applied to conduct the measurements. The flow parameters were obtained for two operating conditions (large-mass flow rate A and design point B) at two measuring planes, which located nearly 15 mm upstream and downstream of the rotor respectively. At the front plane, a total of 361 (19×19) measuring points were arranged in the measuring plane; in consideration of rotation, a total of 19 (19 ×1) points were arranged along the spanwise direction at the outlet plane.
Comparisons of outlet azimuthal-averaged flow parameters for computation and experiment at two conditions (A and B) are shown in Fig. 2 
(a)-2(d) and Fig. 3(a)-3(d).
Although there are some deviations emerge for tangential velocity in the endwall region, which leads to a discrepancy of the flow angle in this region, computational results coincide well with experimental results basically. Because there is only one measuring point arranged along the azimuthal direction for each spanwise location at the outlet plane, so some discrepancies may be induced between experimental and numerical results. It is believed that the measurement accuracy demands further investigations and validations with dynamic measurement results. 
Effects of boundary layer thickness to tip flow
In order to study the effects of boundary layer thickness to rotor performance and blade tip flow structures, three different types of inlet total pressure distributions were performed, which are shown in Fig. 4 . The boundary layer thicknesses for each are 0%, 10% and 20% of the passage height, denoted as BL0, BL10 and BL20 in this paper. In addition, the tip clearance of 2 mm is adopted in this subsection. Fig. 5 shows the comparisons of rotor performance for each. Both steady and time-averaged unsteady results are outlined. The predicted mass flow rate at near-stall point by unsteady calculation is slightly smaller than the steady one. They agree well with each other for the efficiency-mass flow rate coefficient curve, while the predicted time-averaged unsteady pressure-rise is appreciably higher than the steady one. These deviations may be due to that steady numerical method is not able to accurately model the flow near stable boundary. It is obvious that at flow coefficients larger than 0.56, BL10 and BL20 agree quite well for pressure rise-flow coefficient curve, and is higher than that of BL0; while for flow coefficients less than 0.52, BL0 is the highest. The stall flow coefficients of BL20 and BL10 are 0.53 and 0.50 respectively, while it is much less (0.454) for BL0. The results show that when increasing inlet boundary layer thickness, stall flow coefficient will be evidently increased, which leads to a large reduction of stability margin and stable operating range. Fig. 6 shows contours of casing static pressure coefficient at design point for three different upstream boundary conditions. In this figure, the static pressure troughs denoted with black lines are usually deemed as the trajectories of tip leakage vortex. While increasing the thickness of inlet boundary layer, the trajectory of tip leakage vortex moves towards the leading edge plane, which will lead to the forward movement of the interface between leakage flow and mainflow. In addition, the starting point of tip leakage vortex moves forward. Previous studies indicate that the rotor is "tip-critical". The criterion of "tip clearance spillage flow" proposed by Vo [19] indicates that when the spillage of tip clearance flows to the adjacent blade passage ahead of the rotor leading edge and below the blade tip, stall would possibly occur, which is able to confirm the statement that stall margin is decreased with increased boundary layer thickness. Fig. 7 shows the distributions of normalized leakage velocity and flow angle along the chordwise direction in the tip clearance at design point. Both of the parameters in the figure are radial-averaged values in the gap. Tip leakage velocity denotes the relative velocity component perpendicular to the chordwise direction, and leakage angle denotes the angle between leakage flow and axial direction. It is shown that when increasing inlet boundary layer thickness, the position with the maximum leakage velocity tends to move towards the leading edge. It is obvious that the normalized relative leakage velocity increases along with the pressure difference, indicating that the position with the maximum loading progressively moves forward with increased boundary layer thickness. This is similar to the effect of increasing back pressure, indicating that rotor will be prone to initiate rotating stall with thicken boundary layer. Fig. 7(b) shows that while increasing boundary layer thickness, reverse flow region is broadening. In addition, the mass flow rate and momentum of reverse flow are increased, which promote the forward movement of interface for mainflow/leakage flow, leading to larger blockage of the passage and therefore a higher risk to trigger rotating stall. Fig. 8 shows three-dimensional streamlines in the gap for different boundary layer thicknesses at design point. The tip leakage vortex can be clearly identified in these figures. Black and red lines represent streamlines originated from different radial positions in the gap near the leading edge, and each of them occupies different space in the vortex. Black lines, originating from a lower position, occupy inner space and are more approaching the vortex core, while red lines occupy outer space and are farther from the vortex core. While increasing the thickness of inlet boundary layer, the leakage vortex expands and was shorter due to the expansion and mixing effects. In addition, secondary leakage flow emerges and becomes more obvious, which reflects a more intensive blockage in the tip region. The increased blockage area and mixing of leakage vortex/mainflow would generate more flow loss in this region, which can be seen in Fig. 9 . It can be deduced from the figure that there is a small amount of loss reduction between 20% to 40% blade heights while increasing the boundary layer thickness. It may be triggered by the stronger movement of flow from tip to hub due to the larger blockage in the tip region. to the studies of Zhang [20] and Du [21] , there are two necessary conditions for the occurrence of self-induced unsteadiness. First, the influence range of the tip leakage vortex has extended to the pressure side of the next blade; second, the strength of tip leakage flow is intense enough to build up a dynamic balance with mainflow. When mass flow rate is relatively large, the first condition cannot be achieved due to the high mainflow momentum, which leads to a static balance of leakage flow and mainflow. It can be seen in the figures that certain amplitude of swing occurs for the tip leakage vortex, and it is closely related to the low static pressure regions A 0 and Eight dynamic numerical probes named P1 to P8 were arranged near the suction surface in the relative reference frame, and all of them locate at mid-span of the tip gap. The relative positions along the chordwise direction are 8%, 23%, 37%, 49%, 60%, 70%, 82% and 92% respectively, which are illustrated at the upper right of Fig. 11 . Figure 11 shows the Fast Fourier Transformation (FFT) results of static pressure for the probes in the relative reference frame. In this figure, the abscissa axis denotes frequency, and the ordinate axis denotes the magnitude for the relevant frequency. The unsteady time-step used for the computation is 7.143×10 -5 s, which Unsteadiness generally appears near stall for three types of upstream boundary layer thickness. In addition, the fluctuation frequency is basically the same, nearly 300 Hz, which indicates that boundary layer thickness has little influence on the fluctuation frequency. Figure 13 shows the instantaneous leakage streamlines at =0/20T 0 near tip region around near-stall point. The streamlines are colored with relative velocity values. This figure also illustrates the spatial low-energy regions, which are confined by Wxyz/U t <0.10 (where Wxyz is the relative velocity and Ut is the tip speed).The TLV breaks down and leads to a blockage area, which is shown in this figure as the small blockage region. Besides this, there is another distinct vortex originating from blade trailing edge shown in the figure. The vortex is similar to the "tip secondary vortex" of [22] , so we call it "TSV" for short hereafter in this paper. The TSV starts from the second half of the chord at blade tip, and the flows that consist of the vortex move to mid-passage relative to the blade due to the viscous effects of casing wall and pressure difference between pressure side and suction side. The vortex interacts with leakage flow and moves lower in the passage. While it approaches the pressure side of the next blade, the flows cross the next blade and moves downstream along with its leakage flow. This vortex moves downstream and outside of the passage when time vanishes, which means this vortex does not always occur in the blade passage in the whole fluctuation period. During the next period, it originates at mid-chord near the pressure side of the next blade, and repeats the same movement as the previous period. The TSV and its interaction with the flows from breakdown of TLV will induce a large blockage area in the tip region (shown in the figure) and cause considerable flow loss, which may directly determine the aerodynamic stability of the rotor. A clockwise movement of the flows was induced when watching from the casing, which is shown in Fig. 14 . Because TSV has a great influence to rotor tip blockage and flow loss, we think to diminish or at least weaken it through further flow control methods is a good way to extend the operating range of the rotor. 
Effects of tip clearance size to tip flow
Three different tip clearance sizes were performed to carry out the investigation, which are 0.8 mm, 2.0 mm and 3.0 mm, respectively. The inlet boundary conditions were the same as BL0. Figure 15 shows the comparisons of blade tip static pressure contours at design point (14.3kg/s) for different tip clearance sizes. While increasing the tip clearance size, the mass flow rate and momentum of the leakage flow both gain a lot, leading to a clearer casing pressure trough. Correspondingly, the tip leakage vortex becomes stronger, which results to an increment of flow loss and stall-point mass flow rate (10.8, 11.4 and 12.1 kg/s respectively, not shown in this paper for brevity), also an obvious reduction of isentropic efficiency (89.5%,
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Breakdown of TLV TSV 88.85% and 87.83% respectively, not shown) and total pressure-rise (0.766, 0.759 and 0.742 respectively, not shown) in the tip region. Another important effect of tip clearance size to blade tip flow is its self-induced unsteadiness. Studies [20, 21] show that unsteady flow fluctuations at near-stall point occur only when the tip clearance is larger than a certain value. As previous described, flow unsteadiness occurs when the leakage flow momentum is able to balance that of the mainflow. Calculations show that flow fluctuation will not take place during the whole operating range for tip clearance size of 0.8 mm, while it occurs around near-stall point for tip clearance size of 2.0 mm and 3.0 mm. In addition, as the critical momentum ratio of tip clearance flow to mainflow for the occurrence of unsteadiness is decreased for a larger clearance [21] , the momentum of tip leakage flow will reach to a balance with that of the mainflow at relatively larger mass flow rate, which reveals that fluctuation unsteadiness tends to occur more easily for larger clearance size.
Comparing the effects of increasing upstream boundary layer thickness with increasing tip clearance size, conclusions can be made that both of them have a great influence on rotor performance and tip blockage. In addition, the efficiency, pressure-rise and stable margin are generally reduced. But for relatively large mass flow rate, the pressure-rise for thicker boundary layer is higher than thinner one. Because increasing boundary layer thickness will correspondingly increase the incidence angle for endwall regions, and it may sustain relative larger load for rotor and produces higher pressure-rise with thicker boundary layer thickness. However, pressure-rise reduces for the whole operating range when increasing tip clearance size because of more leakage flow and smaller area to sustain pressure difference for rotor with larger tip clearance size. There are still some deviations for their effects on the flow unsteadiness. The thickness of upstream boundary layer has little effect on flow unsteadiness in tip region, and the frequency of self-induced unsteadiness remains the same. Whether unsteadiness occurs strongly depends on the balance of momentum for tip leakage flow and that of mainflow. For larger tip gap size, the momentum of tip leakage flow will exceed the extreme value for balance at higher mass flow rate, which leads to tip flow unsteadiness. Generally tip flow unsteadiness is an early signal of rotating stall for tip critical rotors, so the rotor stalls at larger mass flow rate for larger tip gap size.
CONCLUSIONS
With the aid of CFD numerical tool NUMECA, the effects of different upstream boundary layer thicknesses and tip clearances on the complex endwall flow of a low-speed axial rotor were investigated in this paper. The following conclusions were drawn: (1) The adopted CFD numerical method was validated by detailed experimental data. Although some discrepencies exist between experimental and numerical results, it still provides a certain basis to the following comprehensive flowfield analysis and studies of flow mechanism. (2) At the design point, the increased upstream boundary layer thickness will lead to degradation of efficiency and pressure-rise, forward movement of starting point of leakage vortex, forward movement of tip leakage flow/mainflow interface, expansion of reverse flow, larger flow blockage, and intensification of flow loss. Also the stall-point mass flow rate is largely increased and the stability margin is reduced. At the near-stall point, self-unsteadiness occurs, and the thickness of boundary layer affects little to its periodic fluctuation. The fluctuation frequency of tip leakage vortex is about 43% of BPF, and the strongest fluctuation locates at 50% chord near the pressure surface in the tip region. Around near-stall point, a TSV caused by pressure difference and tip leakage flow occurs and starts near the trailing edge, and the interaction of the TSV and tip clearance flow will lead to a large blockage in the tip region and causes considerable flow loss, which may directly determine the tc=2mm tc=3mm tc=0.8mm aerodynamic stability of the rotor. And it is believed that to diminish or at least weaken it through further flow control methods is a good way to extend the operating range of the rotor. (3) The increased tip clearance size leads to a reduction of total pressure-rise and efficiency for the whole mass flow rate range. In addition, the critical momentum ratio of tip leakage flow to mainflow for unsteadiness is decreased and it is easier for the flow to enter into a so-called self-induced unsteadiness state, indicating that the occurrence of unsteadiness strongly depends on tip clearance. (4) The similarities and differences of the effects of rotor upstream boundary layer thickness and tip clearance size to rotor performance and its unsteadiness in the tip region were obtained through detailed comparisons, which is helpful to understanding the complex flow in axial rotor.
